Abstract: 0D/2D heterojunctions, especially quantum dots (QDs)/nanosheets (NSs) have attracted significant attention for use of photoexcited electrons/holes due to their high charge mobility. Herein, unprecedent heterojunctions of vanadate (AgVO 3 , BiVO 4 , InVO 4 and CuV 2 O 6 ) QDs/graphitic carbon nitride (g-C 3 N 4 ) NSs exhibiting multiple unique advances beyond traditional 0D/2D composites have been developed. The photoactive contribution, up-conversion absorption, and nitrogen coordinating sites of g-C 3 N 4 NSs, highly dispersed vanadate nanocrystals, as well as the strong coupling and band alignment between them lead to superior visible-light-driven photoelectrochemical (PEC) and photocatalytic performance, competing with the best reported photocatalysts. This work is expected to provide a new concept to construct multifunctional 0D/2D nanocomposites for a large variety of opto-electronic applications, not limited in photocatalysis.
For decades, 0-dimensional (0D) semiconductive QDs have attracted great attention due to their unique advantages of small size (< 10 nm), large surface area, short effective charge-transfer length and size-tunable optoelectronics, [1] which make them highly promising in using the photoexcited charges in the field of photodetectors, phototransistors, photovoltaic devices, and photocatalysts. [2] However, several drawbacks largely restrict their practical applications. [1a, 2b, 3] First, QDs are vulnerable to self-aggregation; abundant surface defects make them unstable in comparison with their bulk counterparts; moreover, the high photoluminescence of QDs results in heavy recombination of photoexcited charges. [4] One of the most efficient routes to solve these problems is to load QDs onto ultrathin 2-dimensional (2D) NSs (e.g. graphene) to form a 0D/2D nanocomposite. [5] Interactions between two moieties can make QDs more dispersive and stable, while the accelerated charge transfer facilitated by 2D NSs can effectively quench the photoluminescence of QDs, thereby suppressing the recombination of photoexcited charges. Thus, substantially enhanced optoelectronic performance is achieved by the 0D/2D composites in efficient utilization of photoexcited charges. [5] Recently, 0D/2D composite photocatalysts/photoelectrodes have been greatly developed, in which the coupling of QDs and graphene NSs is the most successful illustration. Due to the large surface area and high electrical conductivity of graphene, the loaded semiconductive QDs (nanocrystals) are endowed with superior charge transfer and separation capability, thereby presenting greatly promoted photocatalytic activity or/and photocurrent.
[6] For example, Yu and coworkers [6a] loaded TiO 2 nanocrystals (< 10 nm) on graphene NSs, which displayed the best apparent quantum efficiency of 9.7 % at 365 nm; Fang et al.
[6b] and Liu and co-workers [6c] respectively incorporated CdS QDs onto graphene NSs, bringing enhanced photocatalytic and PEC performance. However, the largely consumed graphene NSs (volume ratio even higher than 50 %) are usually photoinactive, [7] which tend to bring light shielding effect to decrease the effective light absorption of QDs; [7] also, QDs normally show a widened bandgap in comparison with their bulk counterparts due to the quantum confinement effect, which collectively make most QDs/graphene composites fail to reach their theoretical high commitment as photocatalysts or photoelectrodes. Therefore, exploring new families of QDs/NSs composites that can overcome these referred drawbacks is still highly demanded.
Herein, we develop a new family of 0D/2D heterojunctions of vanadate (AgVO 3 , BiVO 4 , InVO 4 and CuV 2 O 6 ) QDs/ g-C 3 N 4 NSs for the first time and demonstrate their outstanding visible-light-driven PEC and photocatalytic activity, significantly better than those of single vanadate QDs, g-C 3 N 4 NSs and most of highly active QDs and g-C 3 N 4 based composite photocatalysts reported to date. Vanadates are chosen to fabricate QDs due to their advantages in photocatalysis including suitable band structure and low-cost production, [8] whereas their QDs form is seldom studied. Unlike graphene-based 0D/2D materials, the new family present several superiorities other than simply increasing the charge mobility (Figure 1 a) : 1) g-C 3 N 4 NSs themselves are efficient visible-light-driven photocatalysts; [9] 2) g-C 3 N 4 NSs have unique up-conversion property to expand the effective light absorption of QDs; [9c] 3) the polymeric nature of g-C 3 N 4 with substantial nitrogen coordinating sites makes it an ideal host for robustly accommodating ultrasmall QDs. [9d,e] The g-C 3 N 4 NSs were prepared by dicyandiamide condensation followed by oxidation etching. [10] Then they were dispersed in the metal-salt precursor solution, where the QDs were in situ formed on g-C 3 N 4 NSs by adding NH 4 First the morphology of heterojunctions is investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis (Figures 1 and S5-S7 ). The as-prepared g-C 3 N 4 NSs are wrinkled as shown in the SEM image ( Figure S5a ), consistent with the transparent and wrinkled structure observed by TEM (Figure 1 b) , which can be ascribed to their high surface energy. [11] Pure AgVO The formation mechanism of vanadate QDs/g-C 3 N 4 NSs is illustrated in Figure 2 a. The surface of g-C 3 N 4 NSs is negatively charged with an average Zeta potential of about À17.0 mV (Figure 2 b) , which can easily adsorb Ag + ions through electrostatic interaction. Moreover, g-C 3 N 4 NSs can also capture metal cations into their tri-s-triazine units by the nitrogen-coordinating sites, which leads to robust fixation and high dispersion of Ag + ions, [12] followed by in situ AgVO 3 QD formation after the introduction of VO 3 2À anions. Interest- ingly, preliminarily formed AgVO 3 are amorphous showing island-like morphology on the surface of g-C 3 N 4 NSs originating from the Volmer-Weber mode due to their distinct crystalline structures (Figure 2 c) . [13] The growth of vanadates is effectively confined by the N-binding effect of g-C 3 N 4 NSs during the reaction. [12, 13] After sonication, the generated uniform QDs present similar size and clear lattice fringes (Figure 2 d) , indicating that the sonochemical energy promotes the transformation of amorphous vanadates to crystalline QDs, while the fast kinetics and confinement effect of the g-C 3 N 4 network hinder the overgrowth of amorphous nanoparticles. [14] A similar formation route is also observed for the synthesis of other heterojunctions such as CuV 2 O 6 / QDs ( Figure S11 ).
The strong interaction between vanadate QDs and g-C 3 N 4 NSs is revealed by Fourier transform infrared (FTIR) and Xray photoelectron spectroscopy (XPS). The coupling between them disturbs the CN heterocycles by forming C = O bonds between C atoms of the N-(C) 3 group and O atoms of the VO 3 À group. Also, the electrostatic interaction between Ag cations and N sites of tri-s-triazine (sharing N atoms with CN heterocycles in g-C 3 N 4 ) limits the formation of NÀH bonding in CN heterocycles and breaks its intrinsic electronic structure, resulting in the vanishing of corresponding FTIR and XPS signals (Figures S12, S13 and Table S1 ). Similar phenomena can also be observed in other heterojunctions (e.g. BiVO 4 /g-C 3 N 4 , Figure S14 ), further indicating the ubiquitous robust interaction between vanadate QDs and g-C 3 N 4 NSs created during the in situ synthetic strategy.
Aforementioned appealing properties endow vanadate QDs/g-C 3 N 4 NSs with great potential for photoelectronic applications. As evidenced by UV/Vis absorption curves and Kubelka-Munk plots (Figure 3 a,b) , the absorption edge of AgVO 3 QDs is 532 nm with a bandgap of about 2.42 eV. For g-C 3 N 4 NSs, the absorption edge is 427 nm with a bandgap of 2.78 eV. Both AgVO 3 QDs and g-C 3 N 4 NSs show obvious blue shift of the absorbance edges and widened bandgaps in comparison with their bulk counterparts (Figures S15, S16), which can be attributed to the quantum confinement effect. [15] AgVO 3 /g-C 3 N 4 exhibits a wide absorption resembling that of AgVO 3 QDs. Other vanadate QDs/g-C 3 N 4 NSs also exhibit a substantial absorption capacity in the visible-light region ( Figures S17-19) .
The PEC performance is further evaluated by measuring the current-voltage (J-V) curves under visible-light irradiation (l ! 420 nm, 100 mW cm À2 ) with 1m Na 2 SO 4 aqueous solution (pH 7) as the electrolyte (Figure 3 c) . Impressively, the AgVO 3 /g-C 3 N 4 photocathode affords high photocurrent density of À1.02 mA cm À2 at 0 V versus RHE, which is 2.22 times and 7.28 times larger than that of AgVO 3 QDs (À0.46 mA cm À2 , see Figure S20 for the Mott-Schottky curve of pure AgVO 3 QDs) and g-C 3 N 4 NSs (À0.14 mA cm À2 ), respectively. The mechanism for photocurrent generation is described in Section S1 in the Support- ing Information. Moreover, AgVO 3 /g-C 3 N 4 can also compete with the state-of-the-art photoelectrodes (Table S2) . Particularly, Cu 2 O nanoparticles and Si nanowires, as two welldefined and high-performance photocathode materials, [16] were introduced into the identical PEC system as the control group ( Figure S21 (Figure 3 d, Table S3 ), significantly higher than that of g-C 3 N 4 NSs (12 %, k a = 0.0018), AgVO 3 QDs (21 %, k a = 0.0036), and the widely used commercial CdS photocatalyst (31 %, k a = 0.0058). AgVO 3 /g-C 3 N 4 loading 10 and 50 wt. % AgVO 3 are also synthesized and evaluated. Notably, under identical conditions, only 25 % and 34 % MO are degraded over the catalysts containing 10 and 50 wt. % AgVO 3 , respectively, suggesting that 30 wt. % AgVO 3 approaches the optimal mass loading in AgVO 3 /g-C 3 N 4 . The moderate AgVO 3 concentration can afford enough photoactive species while it does not block the surface of the g-C 3 N 4 nanosheets for the initiation of the oxidation half-reaction ( Figure S22 , Section S2). Moreover, the photocatalytic degradation efficiencies of MO over other vanadate QDs/g-C 3 N 4 NSs are recorded ( Figure S23-25) , demonstrating that they all exhibit much higher photocatalytic activities than those of g-C 3 N 4 NSs and the corresponding single vanadate QDs. In addition, scavengers experiments [17] prove that the photoinduced electrons play a major role as oxidative species (Figure 3 e) , in good agreement with the PEC results. Also, the reusability tests of AgVO 3 /g-C 3 N 4 reveal its satisfying stability with negligible activity reduction and well-preserved crystalline structure and morphology at the nanoscale after recycling the photocatalysts multiple times (Figure 3 f, Figure S26) .
To get insight into the catalytic mechanism, multiple spectroscopic and PEC tests are conducted (Figures 4 and S27  and S28, Tables S4-S6 ). As shown in the photoluminescence (PL) spectra, when irradiated by long-wavelength light (500 to 800 nm), g-C 3 N 4 NSs present emission peaks centered at about 437 nm, showing up-conversion characteristics (Figure 4 a, S27 ). Since the absorption edge of AgVO 3 /g-C 3 N 4 is 521 nm (Figure 3 a) , theoretically the heterojunctions can only use light at l 521 nm. Significantly, due to the upconversion property of g-C 3 N 4 , the heterojunction can now use the visible light up to 800 nm. The long-wavelength response of AgVO 3 /g-C 3 N 4 can be confirmed by monitoring the photodegradation of MO (5 mg L À1 ) under cut-off light illumination (l ! 700 nm, Figure S28 ). Both AgVO 3 QDs and g-C 3 N 4 NSs exhibit inferior photocataltyic activity, while AgVO 3 /g-C 3 N 4 shows much higher performance by depredating 17 % MO under identical conditions.
The band alignment in AgVO 3 /g-C 3 N 4 is then studied from the viewpoint of charge separation ( Figure S29 , Table S4 , see the detailed calculation in Section S3). Since the conduction band potential of g-C 3 N 4 (ca. À1.16 eV) is more negative than that of AgVO 3 QDs (ca. 0.15 eV), the photoinduced electrons (e À ) are transferred from g-C 3 N 4 NSs to AgVO 3 QDs, while the holes (h + ) on the valence band of AgVO 3 (ca. 2.57 eV) will be transferred to the valence band of the g-C 3 N 4 NSs (ca. 1.62 eV) because of the large potential difference. The charge transfer pathway can be further confirmed by the photodeposition of Pt nanoparticles. During the photodeposition process, Pt 4+ in H 2 PtCl 6 can be reduced to Pt 0 in the form of Pt nanoparticles by the photoinduced electrons. [18] Therefore, as-obtained Pt nanoparticles tend to assemble at electron-rich spots. As shown in the HRTEM images ( Figure S30 ), the Pt nanoparticles are gather on/around AgVO 3 QDs instead of being randomly dispersed on the g-C 3 N 4 substrate, implying enriched photoinduced electrons on AgVO 3 QDs transferred from g-C 3 N 4 nanosheets. Therefore, the favorable charge transfer between two components can lead to a superior charge separation efficiency in the composite photocatalysts.
Moreover, an interfacial transition of charge carriers in the AgVO 3 /g-C 3 N 4 is approved by spectral evidences. The emission peak of AgVO 3 /g-C 3 N 4 is significantly weakened in comparison with that of g-C 3 N 4 NSs (Figure 4 b) , indicating the greatly suppressed charge recombination and boosted interfacial charge transfer. From time-resolved transient PL decay spectra (Figure 4 c,d ), all the estimated lifetimes of the heterojunction are shorter than those of g-C 3 N 4 NSs (triexponential decay), indicating better charge transfer and separation. Besides, the intensity-average lifetime (hti) of the emission decay is also calculated (Table S5 , for detailed calculations see Section S4). The hti values of g-C 3 N 4 NSs and AgVO 3 /g-C 3 N 4 are deduced to be 2.08 and 1.68 ns, respectively. The notable decrease of the emission lifetime in the heterojunction indicates a non-radiative pathway from the electronic interaction between AgVO 3 QDs and g-C 3 N 4 NSs. [11] The related electron-transfer rate constant (k et ) in AgVO 3 /g-C 3 N 4 is calculated to be 1. 14 10 8 S À1 using Equation (1). All these parameters demonstrate that the strong interaction between AgVO 3 QDs and g-C 3 N 4 NSs can significantly improve the separation efficiency of photoexcited charges through better interfacial charge transfer and therefore promote the PEC and photocatalytic activity.
To further evaluate the charge-transfer property, electrochemical impedance spectroscopy (EIS) is employed. The Nyquist plots of the synthesized materials show a similar shape of a single semicircle followed by a short straight "tail" (Figure 4 e). The equivalent circuit with the fitted parameters show that AgVO 3 /g-C 3 N 4 affords the smallest resistance for charge transfer and ion transport (Figure 4 e inset, Table S6 , Section S5), which benefits from the superior charge separation of photoexcited charges. Based on the above study, a possible photocatalytic mechanism is proposed in Figure 4 f. In summary, a new family of 0D/2D heterojunctions of vanadate QDs/g-C 3 N 4 NSs are synthesized by an in situ growth strategy. By strongly coupling the up-conversion ultrathin g-C 3 N 4 NSs and the highly dispersed small vanadate nanocrystals, the heterojunctions exhibit excellent visiblelight-driven catalytic activity in PEC and organic dye degradation, being among the best reported photocatalysts. This work paves a new way to fabricate functional materials from nanostructure of different dimensions that will find extensive (photo)electronic application.
